We find that the polarimetric observations of protoplanetary disks are useful to search for ultralight axion dark matter. Axion dark matter predicts the rotation of the linear polarization plane of propagating light, and protoplanetary disks are ideal targets to observe it. We show that a recent observation puts the tightest constraint on the axion-photon coupling constant for axion mass m 10 −20 eV.
I. INTRODUCTION
The identity of dark matter has been one of the most fundamental questions in physics and astronomy for decades. Among many dark matter candidates, axion or axion like particles (ALPs) are particularly studied for their strong motivations in particle physics. Axion was originally proposed to solve the strong CP problem by Peccei and Quinn [1] , while similar pseudo-scalar fields are ubiquitously predicted by string theory and they are called ALPs [2] (see recent reviews [3, 4] ). In this letter, we call both of them axion for short in the context of dark matter. It is known that the axion field φ(t) should oscillate around its mass potential φ ∼ cos(mt) to behave as dark matter, where m is the axion mass. Therefore, to verify the axion dark matter (ADM), the mass is an important parameter. Since its allowed region spans 28 orders of magnitude, 10 −25 eV m 10 3 eV [5, 6] , and the optimized experiment to discover the ADM depends on m, we need to select our target mass range to devise a detection scheme.
Comological simulations of the cold dark matter dynamics tend to predict more cuspy halo profiles and a larger number of low-mass halos than the observations on small scales [7] . These issues are called the corecusp problem and the satellite problem, respectively, and they are under intense debate. The possibility of dark matter with an extremely small mass m ∼ 10 −22 eV attracts attention as a solution for these issues [8, 9] . Having such a tiny mass, the dark matter significantly shows its quantum nature even on astrophysical scales, and the quantum pressure from the uncertainty principle suppresses the smaller structure formation so that the predictions and the observations are consistent if m ∼ 10 −22 eV [8, 10] . The fit to the rotation curves of galaxies also favors the same mass [11] . Therefore, the dark matters with such a small mass (called as fuzzy dark matter) have an enhanced motivation, and the ADM is its ideal candidate, because it is natural for axion to have a small mass by virtue of the shift symmetry. Note that a tension between the fuzzy dark matter scenario and observations of the Lyman-α forest was pointed out [12] which is still under discussion [13] .
Several previous works attempted to test the ultralight ADM with m ∼ 10 −22 eV by using the coupling between axion and photon, L aγ = −g aγ φF µνF µν /4. This interaction predicts two different phenomena: One is the conversion between an axion particle and a photon under magnetic fields, and the other is the photon birefringence under axion background. Exploiting the former phenomenon, axion helioscope [14, 15] and "light shining through a wall" experiments [16] are searching for axion. Astrophysical observations of SN1987A [17] and quasars [18] were also studied to detect the signatures of the conversion. However, no signal is yet to be observed. Since the conversion probability is controlled by the coupling constant g aγ , the previous works put the upper bound, g aγ 10 −11 GeV −1 for m 10 −14 eV. It should be noted that these astrophysical constraints suffer from the uncertainty of cosmic magnetic fields, because the conversion probability also depends on their strength and structure.
In this Letter, we demonstrate a novel approach to search for ultra-light ADM with m 10 −22 eV. First, we consider not the axion-photon conversion but the photon birefringence. With the oscillating ADM background, the photon dispersion relation is modified and the linear polarization plane of photon rotates, as we will see in Sec. II. Although this phenomenon has been known for a long time [19] , the experiments for the ADM with birefringence were discussed only recently [20] . Second, we propose a new observed object suitable for the ultralight ADM search, protoplanetary disk (PPD). PPD is a flattened gaseous object surrounding a young star, where planets are thought to be formed. Recent study of planet formation mechanism has been rapidly developed by intense observational efforts with a number of new instruments at optical, infrared, and radio wavebands. They revealed that PPDs are bright simply by scattering the central star's light at optical and near-infrared wavebands [21] . This simple physics enables us to figure out the linear polarization pattern at the source, so that curarXiv:1811.03525v1 [astro-ph.CO] 8 Nov 2018
rent high-quality polarimetric observations of PPDs can be used to diagnose the photon birefringence during its propagation.
With our new approach the best constraint on g aγ for m ∼ 10 −22 eV without the uncertainty of magnetic fields is obtained, and we open a fresh new possibility of PPD observations as dark matter search.
II. ROTATION OF POLARIZATION PLANE
In this section, we show that the linear polarization plane of a propagating photon rotates under the background of the ADM. It can be shown that the equation of motion for the photon field (i.e. the vector potential) A i (t, x) is modified by the photon-axion coupling L aγ as
where g aγ is the coupling constant of the photon-axion coupling, φ(t) is the background field value of the ADM and dot denotes the time derivative. Here, we chose the temporal gauge A 0 = 0 and the Coulomb gauge ∇·A = 0. Ignoring the cosmic expansion, the present background axion field is well approximated by
with the constant amplitude φ 0 , the axion mass m and a phase factor δ. Note that the spatial dependence of the phase factor δ(x) will be discussed later. Eq. (1) can be reduced if one decomposes A i into the circular polarization modes in the Fourier space,
where
with
where we assume k |δω|. Therefore under the oscillating axion background, the dispersion relation of photon is modified and the phase velocities of the left/right-handed modes are different. This is because the parity symmetry is spontaneously broken by the axion field. This photon birefringence caused by the axion background leads to the rotation of the linear polarization plane.
Provided that a photon propagating along the z-axis is linearly polarized into the x-direction, its polarization components can be decomposed into the circular ones,
where we suppress the z-component which is always zero. When this photon travels under the axion background from t till t + T , the evolved polarization components can be calculated with the WKB approximation as
The rotation angle of the linear polarization plane is given by
where g 12 ≡ g aγ /(10 −12 GeV −1 ), m 22 ≡ m/(10 −22 eV) and we used the dark matter density around us,
. Ξ ≡ mT /2 ≈ 750(c T /100pc)m 22 is typically much larger than unity and hence the factor sin Ξ is expected to be O(1).
So far, we have considered that the axion background coherently oscillates everywhere with a constant phase factor δ. However, on larger scale than its de Broglie wavelength
with v 3 ≡ v/(10 −3 ) [23] , the axion field is not expect to show a coherent oscillation. Thus, as a simple model, we assume that the phase factor δ takes a random constant value in each patch of the size λ. If a photon travels longer than λ, namely c T > λ, the rotation angle θ is
where δω i has the phase factor δ i of the i-th patch,
is the number of the patches which the photon passes through,δ i ≡ δ i + (2i − 1)Ξ/N is shifted random variables, and
Interestingly, irrespective of m and T , the argument of the first sine function is always huge, Ξ/N π/v ≈ 3 × 10 3 v 3 , and the factor sin(Ξ/N ) is expected to be O(1) again. Since the mean amplitude A N is always smaller than its standard deviation (
In summary, we calculated the rotation angle θ(t, T ) of the linear polarization plane of a photon propagating under the oscillating axion background from t till t + T , and find
where we replaced the sine function by its standard deviation for a random argument sin(Ξ/N ), sin(Ξ) 1/ √ 2. Note that Ξ 1 is assumed in the case with N < 1. It should be stressed that since the rotation angle oscillates with the same frequency as the ADM field φ(t), one can in principle measure the axion mass from the photon polarization. This oscillatory behavior of the signal is also advantageous to distinguish it from other various effects.
III. POLARIMETRY OF PPDS
It is well known as Faraday rotation that the linear polarization plane of a photon propagating in a magnetized plasma rotates. The photon linear polarization plane rotates even in vacuum if CP T invariance is broken either spontaneously or explicitly [24, 25] . In these cases the rotation angle depends on the photon energy, so that one can detect this effect without knowing the intrinic linear polarization angle at the source by comparing the angles measured at different frequencies. In contrast, θ(t, T ) due to the ADM effect (eq. 12) does not depend on the photon energy. To detect or constrain the ADM effect, we require the intrinsic linear polarization angle at the source.
The best source for this purpose as far as we are aware is PPD. From optical to near-infrared wavelengths, (sub)micron-sized dust particles at the disk surface scatter the central star's light. Since the disk scattered light dominates disk surface brightness in these wavelengths, polarimetric observations can provide polarization angles of scattered light [e.g. 26] . Since scattered light is polarized perpendicular to the scattering plane, polarization angles become perpendicular to radial vectors from the star in observed images. For example, for a face-on disk, polarization vectors are azimuthal direction. Even if the disk is inclined toward the observer or has some physical structures such as dust density fluctuations, disk regions directly illuminated by the star will produce polarization perpendicular to the radial vectors (see e.g., [27] for some examples of simulated polarization pattern in inclined disks).
In order to detect polarization from disks, highspatial resolution observation is necessary because lowresolution observation depolarizes the signal. PPDs have typically ≈ 10 2 au radii. The diffraction limit of a 8 meter telescope at λ = 1.6 µm is about 0.05 arcsec, which can spatially resolve 5 au structure of PPDs at distance of 100 pc. Therefore, current telescopes have enough power to spatially resolve PPDs, although atmospheric fluctuation may make angular resolution worse. In addition, disk radii are much smaller than the de Broglie wavelength; therefore, scattered light is expected to arise in the same coherent axion field.
At near-infrared wavelengths, a number of polarimetric imaging observations of PPD have been performed. These observations have demonstrated that observed polarimetric pattern is consistent with disk scattered light interpretation [e.g. 26, 28] . Among these, an observation of the object, AB Aur, performed by Hashimoto et al. [26] presents a useful data to assess the birefringence. They showed that a histogram of polarization angles with respect to radial vectors can be fitted by a Gaussian function with central position of 90
• .1 ± 0
• .2 and FWHM of 4
• .3 + 0 • .4. Within the 1σ accuracy, polarization angles are consistent with those of scattered light. In other words, rotation of polarization angles due to the axion field should be less than 0
• .3 for 1σ, which corresponds to 5 × 10 −3 radian. Therefore, the current upper bound on the rotation angle θ caused by the ADM is
where the distance to the source is 162.9pc [29, 30] .
IV. CONSTRAINT ON COUPLING CONSTANT
Comparing eqs. (12) and (13), we can place upper limit on g aγ .
where cT = 162.9pc is substituted and sin(mt + const.) is replaced by 1/ √ 2 again. It is worth noting that total integration time of the polarized intensity image in Hashimoto et al. [26] is 189.6 s, and hence, the oscillation of the axion field can be negligible.
In fig. 1 , we show our new constraint with the previous bounds as well as the sensitivity curves of the future experiments which are taken from a review paper [3] . One can see that we improve the constraint on g aγ for m 10 −20 eV. Note that the red broken lines in fig. 1 are the lower bound on g aγ obtained by assuming the soft Xray excess in the Coma cluster and the transparency of very high-energy γ-ray are caused by the axion-photon conversion [31, 32] . Although these arguments are not necessarily firm against astrophysical uncertainties (e.g. intrinsic photon spectra at the sources in TeV energy range [33] ), it is remarkable that our bound reach them for the first time in this ultra-light mass region. (14) . Blue, green, and red regions are rejected by the experiment (CAST [14] ) and astronomical observations (SN 1987A [17] and Quasor polarization [18] ). Black broken lines are the expected sensitivities of future projects (ALPS-II [16] and IAXO [15] ) and red broken lines are presumptive lower limits from observations (Soft X-ray [31] and γ-ray transparency [32] ).
V. DISCUSSION
In this Letter, we considered the rotation of the linear polarization plane of propagating photon due to the ADM and its observation with PPDs. Our new approach derived a stronger constraint on g aγ than the previous works for m 10 −20 eV. Although the photon birefringence caused by the ADM was also studied with the CMB polarizations, the reported bound on g aγ with a similar axion mass dependence was 2 orders magnitude weaker than ours [34] . It implies that PPDs are suitable observation targets to search for the ultra-light ADM, while the connection between axion and PPDs have never been considered to the best of our knowledge.
Furthermore, as we saw in eq. (12), the rotation angle θ is predicted to oscillate with period ∼ 1.3 m 22 yr, the oscillation of the angle θ may be seen and it can be a smoking-gun evidence for the ADM. This property should be useful to distinguish the ADM signature from the other potential effects which also modify the polarization pattern of PPDs. It should be noted that the distance between source and earth L = c T varies in time due to the relative motion and it might distort the predicted oscillatory behavior of θ. However, we can measure the relative motion through the Doppler effect and correct its influence.
While the rotation angle of the photon linear polarization plane highly depends on the photon energy and the propagation distance for the Faraday effect under magnetized plasmas and for the CP T -invariance violation effect [24, 25] , those dependences are quite weak for the ADM effect as we showed above. Furthermore, the polarization of purely scattered radiation in PPDs can be observed in only optical and near-infrared wavebands, and most of well-observed PPDs are clustered in several star-forming regions in our Galaxy so that they are at similar distances. Then in order to put more stringent constraint on (or detect) the ADM effect with our method, one should keep increasing the sensitivity of polarimetic measurements of PPDs.
